INTRODUCTION
As the advantages of high power intensity, fast welding speed, deep penetration, narrow affected zone and good flexibility, laser welding has been found wide use in modern industries like automobile engineering, nuclear power plant and spacecraft manufacturing [1, 2] . Nevertheless, it is concerned that the welding defects generated in the weld affect the performance and quality of the welded joints seriously. Welding defects, such as spatter, hump, porosity and so on, will result in the unqualified appearance of the weldments and hence reduce the mechanical properties [3] . In the research of Munitz et al. [4] , the yield stress, ultimate tensile strength and uniform elongation of the specimens prepared from the welds without pores are superior to those with pores. Kenichi et al. [5] conducted the exciting work on the prevention of welding defects and also found that welding defects like the porosity and undercut led to the poor welding quality and decreased the performance of mechanical properties of the weldments. Therefore, it is of significance to prevent the occurrence of welding defects for improving joints quality in laser welding.
Numerous fairly effective methods, such as optimization of process parameters, the application of assisting gas and low-pressure cold welding, have been proposed recently to inhibit the formation of defects [6, 7] . In fact, it is no astonishment that the assisting gas is more widely used in laser welding to obtain high quality weld bead due to its effectiveness, greater flexibility, higher versatility and less expenses. Gao et al. [8] reported that the welding process will become stable and the weld penetration will increase under the appropriate shielding gas parameters during the CO 2 laser-TIG hybrid welding. Tani et al. [9] found that bead depth increased if helium percentage and gas flow rate increased, which was also applied for the bead width. Moreover, Durgutlu et al. [10] investigated that the density of shielding gas had the great influence on the efficiency of the gas jet to prevent the weld pool from the disturbance of ambient atmosphere. The highest tensile strength in their experiments was acquired from the sample which was produced under shielding gas of 1.5% H 2 -Ar. Chae et al. [11] confirmed that laser-induced plasma generation was in inverse proportion to penetration depth. Their experiments revealed that helium content in shielding gas affected the laser-induced plasma generation and further played an important role in welding quality. However, previous researches are mainly focused on the effects of shielding gas by experimental method. Most of them do explanatory analysis work on the phenomena involved in the welding process based on traditional ABSTRACT: In this paper, a numerical model is proposed to investigate the keyhole dynamic behaviors and the formation process of hump. Both of the welding processes with and without shielding gas are calculated during the simulation. It is revealed that the hump generated in the weld is caused by the metal flows in the rear part of the keyhole aperture driven by the resultant force of surface tension, recoil pressure and buoyance force. The shielding gas can significantly change the fluid flows in the molten pool and hence suppress the formation of the hump. The proposed method is validated by the confirmation experiments and good agreement between the simulated and experimental results have been found. KEYWORDS: Fiber laser welding; Shielding gas; Welding defects; Keyhole; Numerical simulation theories, which are hard to reveal the complex effect mechanism of the shielding gas effectively.
Only a few numerical simulation methods about exploring the effect mechanism of the shielding gas in the laser welding have been reported in the literatures. Amara et al. [12] demonstrated the important stirring effect of assisting gas generated inside the melt pool by the proposed 3D model to simulate the liquid metal flow and the effect of inert gas jet on the flow. To show the side assisting gas flow behavior on the molten pool in their simulation, Zhang et al. [13] presented that the side gas flow improved the stability of the molten pool and reduced the spatters and pores. These articles confirmed that appropriate numerical model can be applied to investigate the effects of shielding gas flow on moving weld pool, which may be difficult to be explained by experimental method. However, the approach employed in their study still has some limitations because of the excessive simplified assumptions. The shape of the molten pool in their researches are both given in advance and the keyhole geometry is assumed to be fixed during the simulation process, which makes the model is far from the real situation for the formation process of weld pool and keyhole is out of consideration. To study the effect mechanism of gas jet, a model considering the effect of shielding gas on the melt pool movement is proposed in this paper. During the simulation process, the formation process of keyhole is calculated for each step and a comparison of the liquid-gas interface evolution is implemented between the laser welding process with and without gas jet. Finally, the mechanism of the hump formation is revealed by calculation and this model can be fairly effective to study the effect mechanism of shielding gas. The result of simulation is in good agreement with the experiments and has a vital guiding significance for the actual laser welding process.
MODEL DESCRIPTION
In an actual laser welding process, a series of physical phenomena such as melting, evaporation, condensation and solidification of base metal all exist in the molten pool. In order to make the modeling of molten pool movement under gas shielding closer to the actual situation, the model is gas-liquid-solid coupled and the material properties used in the model also varies with the change of the phase. Furthermore, heat transfer and mass transfer are both taken into account in the research. These are all described in more detail as follows.
In order to ensure a convergent solution, the fluid is supposed as the Newtonian fluid, laminar as well as incompressible. Meanwhile, a Boussinesq assumption is used and the metallic vapor properties at high temperature are extrapolated in the computation. Based on these hypothesis, the governing equations used to describe the mass transfer, heat transfer and melt flow are presented in detail below [14] . In the simulation, the mass conservation equation can be presented as:
The momentum conservation equations along Xaxis, Y-axis, Z-axis are expressed as:
The energy conservation equation is described as follows: In this paper, a hybrid heat source model is applied. It is composed of a double ellipsoid volumetric heat source model up and a columnar volumetric heat source model bellow. The representation of heat source model in threedimensional space is shown in Fig. 1 .
The double ellipsoid volumetric heat source model is defined as follows: The mesh model and boundary conditions applied in this simulation are illustrated in Figure 2 . The size of the steel plate is 6 mm × 3 mm × 2 mm and the calculation domain of air is 17 mm × 7 mm × 9 mm. The shielding gas nozzle is coaxially placed with the laser beam. The grid near the gas nozzle and keyhole is refined, which has a smallest grid of 0.05 mm. Moreover, the whole calculation domain is symmetrical about the plane with x=1.5 mm, which can reduce half of the computational work. Thus, there are 1758741 cells in all. At the symmetrical plane of the mesh model, the boundary condition for equations are defined as follows:
The coaxial shielding gas is set in the computational domain above the workpiece from the gas nozzle which was treated as the velocity inlet. In the modeling, the diameter of the nozzle is 2 mm and the assisting gas flows at a speed of 2 m/s. And all sides of the air domain are defined as outflow condition. The sides of the workpiece are treated as wall boundary condition and the equations are defined as follows: 
RESULTS AND DISCUSSION
A fiber laser with travelling velocity of 0.04 m/s and a power of 6 kW is used to weld stainless steel 316L in the modeling. The chemical composition of stainless steel 316L is shown in Table 1 . In order to balance the reliability of the calculation and the accuracy of the result, the material properties shown in Table 2 utilized in the simulation are appropriately simplified and extrapolated based on the actual values. For the purpose of studying and verifying the effect mechanism of shielding gas in the fiber laser welding process, the workpieces are welded under same process conditions apart from the diffidence of having or not having gas jet. Thus, reliable conclusion will be obtained based on the comparison of the results of the two cases.
The formation process of the hump
In this subsection, a simulation of the keyhole dynamics and the formation of the hump during laser welding on stainless steel sheet is implemented. In this case, the value of the velocity inlet is set to be 0 m/s. As shown in Figure 3 , the evolution process of the liquid-gas interface depicts the transient behavior of keyhole and the formation of the hump. From 1 ms to 3 ms, workpiece absorbs the heat generated by the laser beam and there is no obvious change because temperature still below the melting point. From 4 ms to 6 ms, it can be seen that local intensive evaporation caused by laser of high energy density occurs on processing area, and the keyhole begins to form when the surface of weld pool sinks under the recoil pressure. The metal flows backward to the rear part of the molten pool contributing to the formation of conspicuous swelling near the keyhole aperture, which is the main reason of the following occurrence of the hump on the top surface of the workpiece during laser welding process. Under the continuous heating effect of laser beam, the recoil pressure makes the keyhole deeper and finally full weld penetration can be obtained at 7 ms. Full weld penetration can significantly increase the joint strength and reduce stress concentration. However, hump will seriously affect the welding quality and the appearance of workpiece. At 7 ms, the hump becomes so large that its effect cannot be ignored.
As shown in Figure 4 , evaporation of the metal is intensive around the center of laser beam, which leads to that there are few liquid metal near the front boundary of the keyhole. With the increase in the size of keyhole opening, laser beam can directly reach the bottom of the keyhole to make evident that the highest temperature occurs near the bottom of the welding pool, which makes the melt at the lower part trend to flow upward due to the buoyance. Moreover, a movement of liquid metal induced by surface tension takes place at the surface of the welding pool, which contributes to the backward flow around the keyhole. Thus, when the keyhole moves forward, the liquid metal in the weld pool will flow from the front part to the rear part around the keyhole and then pile up at the opening of keyhole. 
The effect mechanism of the shielding gas
In order to investigate the effect mechanism of shielding gas, the model and boundary conditions applied in this subsection are same with those in the subsection above, except that the velocity inlet condition with a jet velocity of 2 m/s is implemented. In the beginning of laser welding, it takes time to deliver the shielding gas to the top surface of workpiece and form a protective atmosphere above the processing zone. And the laser beam begins to irradiate the workpiece after protective atmosphere fully developed. As shown in Figure 5 , there are some difference between the cases with and without the impact of shielding gas on the keyhole transient behavior and hump formation compared to Figure 3 . Similarly, it takes a short time for the laser beam to heat the material and the formation of keyhole begins at 4 ms. Then the value of keyhole depth starts to mushroom during 4 ms to 6 ms and the full weld penetration is obtained at 7 ms. It is obvious that the shielding gas has prevented the hump formation and changed the size of keyhole opening significantly. The accumulation of the liquid metal at the rear part of the keyhole opening almost disappears. Meanwhile, the opening of the keyhole becomes larger with the influence of the gas jet than that in subsection above. It is advantageous for the metal vapor and plasma jet to outward free, so as to reduce the splash. The height of the hump decrease obviously, as well as the hump width. The gas shielding can completely suppressed the formation of the hump. That is, the top surface will keep flat when the value of the flow of the assisting gas is suitable.
t=4 ms t=5 ms t=6 ms t=7 ms Figure 5 . Formation of the keyhole and hump during laser welding with assisting gas. Figure 6 shows the representative velocity field under the impact of the shielding gas at 7 ms. The gas blowing the molten pool directly will affect the shape of upper molten pool, especially the formation of hump and the opening of keyhole. The flow toward the rear part of the keyhole aperture is restrained by the gas jet, which leads to the disappearance of the accumulation of liquid metal that induces the hump. In order to verify that gas jet plays an important role on prevention of the upward metal flow, the shielding gas flow is set as 15 L/min and 45 L/min in the experiments. Shown in Figure 7 are the weld shapes from the samples of 316L stainless steel sheets welded under the two different operating conditions. Obviously, the gas jet significantly affects the upward flow of the melt leading to depression of the weld seam. Moreover, the value of the gas flow is in proportion to the width of the hollow, which is in good agreement with the analysis based on the numerical simulation above. 
CONCLUSION
A numerical simulation method is developed in this paper to study the effect mechanism of shielding gas on the welding defects in the fiber laser keyhole welding. Based on the simulation results, the molten melt in the weld pool flows towards the rear of the keyhole and accumulated as the hump weld under the interaction of buoyance, recoil pressure and surface tension. The fluid flowing can be modified when the shielding gas is adopted in the welding process. The hump existing in the weld is suppressed and the weld appearance is greatly improved. The results also demonstrate good agreement with the experimental results.
